Abstract We demonstrate spontaneous evolution of various self-assembled phases from a homogeneous aqueous dispersion of high aspect ratio Montmorillonite (MMT, platelet diameter~250 nm and thickness 1 nm) nanoclay platelets based on the observations made over a period of 4 years. The phase diagram for this system in salt-free suspensions in normal pH conditions using rheology, light scattering, and dilution experiments was established, and we have noticed that these suspensions do undergo nontrivial phase evolution yielding formation of equilibrium fluids and gels and aging dynamics. This observation showed that the yield stress dependence on the concentration of clay followed a power-law behavior similar to low aspect ratio Laponite nanoclay dispersions. During the initial period, all dispersions formed stable sols, and with aging network-like structures were found to form via two routes not reported hitherto: one for below gelation concentration by phase separation and another for above the same, through equilibrium gelation resembling the Laponite nanoclay system, where existence of patchy colloids, equilibrium gels, and empty liquids was observed experimentally.
Introduction
Emergence of anisotropic interaction between patchy colloids gives rise to an array of unusual and novel soft materials like empty liquids with vanishing density, arrested networks, and equilibrium gels which do not necessarily follow an underlying phase separation process to be borne. Recent research in patchy colloids has thrown up possibilities for intelligent design and development of structured nano-assemblies following a bottom-up approach. These systems are inherently rich in dynamics, and a hierarchy of time and length scales adequately defines the properties of the soft matter so formed. Phase stability of dispersions of anisotropic particles has been of much scientific debate in the recent times. Many phase diagrams have been conceived and proposed for colloidal particles having different degree of geometrical anisotropy, namely rods, platelets, disks, etc in their dispersion states [1, 2] . Clays are discotic platelets with varying aspect ratio and surface charge density, and their dispersions exhibit an array of soft matter phases that evolve with waiting time t w as well as solid concentration c. Thus, the t w -c phase diagram is replete with non-trivial and equilibrium soft matter phases continuously evolving with time. From the application point of view, suspensions of clays offer unique properties, including their ability to form arrested states like gels, glasses, and liquid crystalline structures under ambient conditions. Remarkably, compared to spherical colloids, clay platelets exhibit gel and glass phases at very low concentrations, which owe their origin to their unique geometrical structure and surface charge heterogeneity. Here, we report the first observation of phase Electronic supplementary material The online version of this article (doi:10.1007/s00396-015-3651-3) contains supplementary material, which is available to authorized users. separated states and equilibrium gels in highly anisotropic complex colloidal clay.
Montmorillonite is one of the natural clays, which has high aspect ratio (≈250) and is a macroscopically swelling, Bactiveĉ lay that has the capability for taking up large amounts of water to form stable gels. The phase diagram of MMT is least explored in the literature, though some attempts in that direction have been made in the past [3, 4] . But a systematic study of the aging dynamics has not been performed as yet. Recently, we have reported the sol-gel transition behavior in Laponite-MMT mixed clay dispersions [5] . On the other hand, viscoelastic properties of many clay suspensions have been extensively probed [6] . For instance, rheology behavior of bentonite slurries as a function of molar ratio of Na + /Ca +2 , pH, and with an array of additives such as pyrophosphate, polyphosphate, and SDS surfactant has been reported. According to Lagaly et al., bentonite clay particles through face (−)/edge (+) (FE) attraction form Bhouse of cards^structures in acidic medium and band-like structures are formed through cation-mediated face (−)/face (−) (FF) attraction in alkaline medium [7] . The nature and mechanical strength of these microstructures formed are shown to be influenced by the structure and nature of the adsorbed additives. The EF configuration would be preferred at low pH, i.e., where the edges are purportedly having a positive charge, whereas higher pH and higher concentration would prefer the EE configuration. Eventually, high-charge density on the edges would tend to prefer the formation of FF-like structures may lead to the tactoid formation. Montmorillonite, natural swelling clay that absorbs water and swells substantially, builds a yield stress gel at very low solid concentration, below 4 % (w/v) as compared to Laponite, a synthetic discotic clay with a diameter of~25 nm and 1-nm thickness, which displays similar behavior at even lower solid concentration of 1 % (w/v) [8, 9] . The presence of adsorbed water covering the clay particles produces characteristic cohesive plastic behavior of clay minerals. Recent studies described clay as patchy colloids with limited valance which have the ability to form empty liquids with low coordination number and equilibrium gels which do not necessarily follow an underlying phase separation process [8, 10] . However, no t w -c phase diagram for MMT dispersions has been proposed so far. In this manuscript, we offer to close the aforesaid knowledge gap by proposing the required phase diagram for the first time.
Experimental section Materials and methods

MMT sample preparation
Sodium Montmorillonite (Na Cloisite or MMT) is a hydrated sodium calcium aluminum magnesium silicate hydroxide (Na, Ca) 0.33 (Al, Mg) 2 (Si 4 O 10 )(OH) 2 ·nH 2 O. Fractionation was done to obtain the desired size of the clay particles (~250 nm). Further details on the sample preparation, fractionation, and characterization of the clay particles are shown in the Supplementary material and Fig. S1 . Polydispersity of MMT particles was found to be 21 % in length and 14 % in width obtained on averaging over ten TEM micrographs. Rheological experiments were performed using an AR-500 model stress controlled Rheometer (T.A. Instruments, UK) with cone-plate geometry. Dynamic light scattering (DLS) experiments were performed on a 256-channel digital correlator, (PhotoCor Instruments, USA). Particle morphology was examined by JOEL 2100F transmission electron microscope (Digital TEM with image analysis system and maximum magnification ×15,000,000) operating at a voltage of 200 KV. SEM images were captured using Zeiss EVO40. The morphology of the sample was studied from the SEM micrographs. Please refer to the supplementary material for further details.
Results and discussion
Rheological study
The effect of aging is clearly visible from the frequency sweep experiments. The evolution of storage modulus is shown in Fig. 1 as function of concentration for different waiting times. Growth of the G′ is shown to increase from 3.0 % which we considered as c g as shown in Fig. 1a Time-dependent rheology studies were performed on the dispersions in the frequency sweep mode to probe the viscoelastic attributes of the samples. According to Maxwell model, one can express the in-phase modulus G′ and out of phase modulus G″ as function of frequency as
where G 0 is the plateau elastic modulus, τ is the relaxation time and ω is the angular frequency. In the limiting case ω → 0, the relations will become G′~ω 2 and G″~ω which are considered signatures of the Maxwellian model. As the sample ages, the exponent deviates from the Maxwell model and starts decreasing. Also, the relaxation time (crossover of G′ and G″) increases with aging of the system and falls out of the experimental widow after few months. Eventually, the storage modulus over takes the loss modulus. The elastic modulus reached a plateau which indicates the solid-like behavior and the network formation ( Fig. 1 ).
We made use of Cole-Cole plots to understand the network formation in the clay suspensions. The phase homogeneity in dispersions and melts is often derived from Cole-Cole plot where the imaginary part of the complex viscosity η″ is plotted as function of the real part η′. Generally, in a melt, at very low frequencies, viscous behavior is detected whereas at higher frequencies, elastic properties prevail. In this formalism, η*(ω) = η′(ω) + iη″(ω) and the low-and high-frequency viscosity values are given by η 0 and η ∞ , respectively. The ColeCole empirical expression is written as [11] [12] [13] 
The aforementioned expression is understood as originating from a superposition of several Debye relaxations [12] . This representation has been extensively used to characterize homogeneity of soft-matter systems and their composites. The mean relaxation time is given by τ cc . For a homogeneous phase, the Cole-Cole plot is a perfect semicircle (α = 0) with a welldefined relaxation time. The deviation from this well-defined shape occurs owing to non-homogeneous dispersion and phase segregation due to immiscibility. Such phases possess a relaxation time spectrum as mentioned earlier. Previous studies showed that plotting the two components of dynamic viscoelastic characteristics (modulus or viscosity) against each other produces an arc-shaped curve if the process can be depicted with a single relaxation time [11] [12] [13] [14] . The arc transforms to a semicircle or a skewed semicircle if the material owns a distribution of relaxation times [12, 13] . The presence of more than one process with different relaxation times needs further modification in the so-called Cole-Cole plot, i.e., having a new semicircle or the appearance of a tail [14] . The Cole-Cole plots of our dispersions are shown in Fig. 2a for the aging samples.
Initially, the dispersions were homogeneous which is evident from the nearly semicircular profile of the plot. As the sample aged, an unambiguous tail started appearing which indicated network formation in these systems [11] [12] [13] [14] . In a diverse example, the silicate network was detected by the increase in the complex viscosity and storage modulus with decreasing frequency, in the small frequency range of the mechanical spectrum [12] [13] [14] . The increase in the elastic component of the viscosity and modulus is most probably due to the formation of a network structure, and the network obviously deforms with different relaxation times than the homogeneous melt; thus, we expect a deviation from a semicircle in the ω (rad/s) (Fig. 2a) . The flow behavior of any system is characterized from the relationship between the shear stress and the shear rate. In fluid mechanics, the shear rate is defined as the change of shear strain per unit time and the shear stress is proportional to shear rate with a viscosity function. Therefore, the ratio of shear stress to shear rate is called apparent viscosity, which is a measure of resistance to the flow of the fluid under consideration. This is represented as η a ¼ τ= γ : where τ is the shear stress and γ represents the shear rate. The investigated clay dispersions exhibited an apparent viscosity η a that decreased with increase in shear rate up to 1000 s −1 due to the rupture of the self-assembled microstructures present in the dispersion. The higher viscosity of dispersion was a result of stronger electrostatic interactions prevailing between the platelets. We have defined c g as the threshold concentration beyond which we observe the gels formed through equilibrium and below which the phase separation occurs. The same was obtained from the rheological experiments and is the same which was obtained from the visual observation. The flow curves for the examined dispersions are shown in Fig. 2b for c ≥ c g , the data shows pseudoplasticity (shear thinning) having a yield stress defined as the stress above which the material flows like a viscous fluid. This observation indicated that these colloidal dispersions were non-Newtonian materials. The viscosity of the shear thinning fluid could be described by power-law function given byη a eγ :−m
. The exponent, m increased from 0.83 to 1 in the samples with increase in concentration (inset of Figure S2 Electronic Supplementary Material). This observation made us look at the growth of yield stress of phase arrested samples deeply.
The noticed stress response of the samples with aging indicated about the emergence of a well-defined yield stress. In order to quantify this, measured flow curves were analyzed within the Herschel-Bulkley formalism given by [15] 
where τ 0 is the yield stress, K represents the consistency factor and n is a parameter that characterizes the pseudoplasticity of the system. Generally, the yield stress τ 0 is determined as the intercept of the flow curve at zero shear rate (Fig. 2b) . The yield stress, τ 0 obtained from the flow curves showed a power-law dependence on clay concentration which is illustrated in Fig. 3 , and this data could be correlated to concentration through τ 0 e c α ; c > c g ð2Þ α = 3.0 ± 0.3. The observation of the power-law exponent 3.0 for the gel samples is consistent with the value reported by Pignon et al. [16] and Pujala et al. for Laponite dispersions but for different volume fractions [9] . This concludes that the yield stress dependence on concentration of the clay is a power-law, and it could be the similar for other clay systems.
We have employed the rheology to monitor network rigidity of the arrested phase. It was observed that the elastic modulus is much higher than the viscous modulus for c ≥ c g and independent of frequency as shown in Fig. 3a after long aging time of 2 years. The samples drawn from the lower part of 1.5, 2.0, and 2.5 % (w/v) dispersions showed viscoelastic behavior, whereas the same taken from below 1.5 % (w/v) samples showed viscous property. 
Light scattering experiments
Dynamic light scattering experiments have been performed on dilute samples with concentration c < c g since the scattering from the concentrated samples will be dominated by multiple scattering. The intensity of scattered light from clay dispersions normalized to initial time (t = 0 s) and plotted against waiting time, which is shown in Fig. 3d . Intensity of the light scattered off the samples showed a plateau in the initial times followed by a gradual decrease and then another narrow plateau followed by a sharp drop. The first plateau indicates that the particle dispersions are stable for a particular time and the interactions did not affect the morphology of the selfassemblies present in the dispersions. A drop in the scattering intensity at later stage is due to the formation of chain-like strands or band like structures. These agglomerations may be reversible due to the presence of second plateau in the later stage. In the last stage there a sharp drop in the scattering intensity due to settling of the clay particles. The drop in the in scattering intensity due to formation of band-like or chainlike structures due to collision of the particles may be a reversible process, while the drop in scattering due to settling is irreversible process (loss of particles from scattering volume). Dynamics structure factor studies indicate the evolution of clusters and eventually a network formation and also yield different relaxations in the system as shown in Fig. 3(c) .
Dilution test
Dilution experiments were used to identify the gel or glass phases of the system as shown in Fig. 3b . For the concentrations c ≥ c g , melting of the samples was not observed by adding the similar solvent, which gave the indication of dominance of attractive interactions.
Observation of equilibrium gels, empty liquids, and phase diagram
As the sample aged, the size of the aggregates started growing due to EF or FF interactions at lower concentrations. The particles or the aggregates explore the entire phase space and interact and form aggregates of larger size that eventually phase separate due to gravity. The phenomenon that we have observed is quite similar to Laponite system reported recently by Ruzicka and co-workers [8] . Samples undergo an extremely slow, but clear, phase-separation process into clay-rich and clay-poor phases that are the colloidal analogue of vaporliquid phase separation. Figure 4a depicts the picture of phase separation at lower concentrations below c g and the formation of equilibrium gels above c g . Stunningly, the phase separation terminates at a finite but very low clay concentration, above which the samples remain in a homogeneous arrested state, which may be called an empty liquid [8, 10] . Samples undergo an extremely slow, but clear, phase-separation process into clay-rich and clay-poor phases that are the colloidal analogue of vapor-liquid phase separation. Now the question arises: what is the kind of interaction present that gives rise to the formation of network-like selfassembled structures under the present experimental conditions? Goh et al. have reported that for bentonite slurries, there are three linear regions in yield stress versus zeta potential data [17] . Two linear regions with negative slope were observed where a steepest slope was found in low pH and a moderate slope was seen in the intermediate pH region. A positive slope was noticed for above normal pH. The positive slope region was ascribed to anisotropic charge attraction between the negative face and positive edge [17] . Obviously, for this to occur, the nature of the platelet edge charge must still be positive in high pH dispersions. The most likely self-assembled microstructure is therefore conceived to be the Boverlapping coinsô r the band-like structure (Fig. 4b-d) . The aggregates however form presumptively due to the distribution of charges in and around the clay particles, leading to quadrupole (and higherorder multi-pole) interactions between particles. They have found existence of the strand-like structures in MMT suspensions.
In another study, Jonsson et al. [18] modeled the free energy of interaction between two nanometric clay platelets plunged in an electrolyte solution; each plate contains negative charges on the face, and the edge, positive charges in face- edge (FE), overlapping coin and staked platelet configurations using a Monte Carlo simulation. Their calculations predicted that the Boverlapping coin^configuration gave rise a global free energy minimum at intermediate salt concentrations. In a compression study by Callaghan et al. on sodium bentonite (Montmorillonite) slurry, the clay platelets initially formed a disordered gel but the first compressions leads the formation of Boverlapping coin^or parallel plate array structure regardless of the NaCl concentrations [19] . Recently, theoretical work also predicted the empty liquid states in highly anisotropic particles with different valance [20] . A study by De Lisi et al. showed the effect of concentration of polymer or Laponite clay on gelation time and the gelation rate smallangle neutron scattering (SANS) [21] . They were able to control the gelation process by changing either polymer or Laponite compositions. Similarly, our results show the decrease in gelation time as the concentration of clay was increased that could be due to depletion interactions between the particles. Enhanced gelation above threshold concentration c g was observed since the attraction dominates between the clay platelets.
TEM micrograph indicates the presence of individual clay particles in the dilute dispersions shown in Fig. 4e . But with waiting time and at c ≥ c g , the formation of network structures is visible from the SEM image (Fig. 4g) . The time-dependent scattered intensity is shown in Fig. 3d where the scattering centers decrease with age of the sample for the concentrations c < c g . The data points obtained in the phase diagram are obtained from the light scattering measurements and rheological findings as described before. The dilution tests also confirm that the interactions present in the system are attractive since the samples c ≥ c g did not melt which is shown in Fig. 3b . Thus, we have observed three clear phase states in the dispersions: (i) stable fluid, (ii) phase separated dispersion, and (iii) equilibrium gel. Thus, we propose a phase diagram for these dispersions with concentration of clay versus waiting time as variables which is shown in Fig. 4f .
Conclusion
To conclude, we have undertaken a comprehensive study to map the phase diagram of MMT dispersions extended over a time span of 3.5 years. The system exhibited three distinct phase states: (i) initially stable homogeneous solution, (ii) with aging the particles self-assembled and phase separated for concentrations c < c g , and (iii) in the third phase, the dispersions entered into an equilibrium gel phase for c ≥ c g , where the self-assembled 3-D networks formed through overlapping coin packing interactions or the house-of-cards structure. These samples exhibited aging behavior which was captured through rheology measurements. Most recently, similar observations were made for aging Laponite dispersions, which exhibited presence of empty liquids and equilibrium gels and glasses during the course of waiting. Interestingly, these did not necessarily follow an underlying phase separation process. It may be concluded that the phenomenon of existence of phase-separated solution and formation of equilibrium gels is ubiquitous in anisotropic colloidal particles associated with inhomogeneous charge distribution. Remarkably, the aforesaid phenomenon was independent of platelet aspect ratio and attributed to the inhomogeneous distribution of charge or the limited valance like in patchy colloids. Based on the data in hand, we are unable to vouch for the existence of arrested empty liquids in our t w -c phase diagram. Since such arrested empty liquid states are formed under reduced valence and low coordination number conditions in aging dispersions spontaneously due to the patchy distribution of charge on the platelet surface, their signatures could be better captured in structure factor measurements. As of now, empty liquid phase has been experimentally observed in Laponite dispersions only. Thus, the comprehensive understanding of the kinetics of dynamic arrest and phase separation in the discotic colloidal suspensions continues to remain a challenging and poorly explored problem. The Bequilibrium gel^has enormous practical and theoretical potential. This gel could be used in everywhere from gel-covered medicines to batteries to nanotechnology.
